The effects of cerium addition on the microstructure, mechanical property and creep behavior of AM60B alloy were investigated. The results indicate a little Ce addition can re ne the microstructure, and with the increase of Ce addition, intermetallic compound Mg 17 Al 12 formation in AM60B was restricted and substituted by new intermetallic compound Al 11 Ce 3 . Ce was bene cial to the mechanical property of AM60B except for elongation when Ce addition is further increased. The high temperature stability of AM60B is poor owing to the precipitation of Mg 17 Al 12 . With the addition of Ce, the creep property of AM60B was improved notably, mainly due to the stability of intermetallic Al 11 Ce 3 at high temperature.
Introduction
The need for weight reduction in automotive components motivates the development of structural magnesium alloys with good mechanical property and low cost. High pressure die casting (HDPC) is the most common used manufacturing process for automotive parts.
1) The most widely used commercial magnesium alloys in HDPC are based essentially on the Mg-Al system, such as AZ91D and AM60B, because of the good combination of room temperature strength, castability and corrosion resistance.
2) These alloys have already been applied to automobile components, such as seat frames, steering wheels, instrument panels, brackets and fans. 3, 4) However, their applications are restricted when the temperature surpasses 120 C, because the strength decreases sharply. 5) This has motivated the development of new creep resistance alloy with low cost for powertrain components. Recently, it was found that cerium is an effective alloying element to improve high temperature mechanical properties of magnesium alloys. [6] [7] [8] However, the microstructure of Ce-containing magnesium alloys and their effects on creep property have not been fully characterized. In order to obtain an overall understanding of this alloy system, the present investigation studied the microstructure, mechanical property and creep behavior of AM60B alloys with different Ce contents. Further, the creep mechanism of the alloys has also been considered.
Experimental Procedure
Commercial high-purity AM60B, pure Al (99.9 wt.%) and Mg-25%Ce master alloy were used to prepare the studied alloys. Three alloys based AM60B with 0.5 wt.%, 1 wt.% and 1.5 wt.% Ce were prepared. The alloys were melted in a mildsteel crucible built in an electric resistance furnace under a protection atmosphere consisted of SF 6 and CO 2 . The melt was held at 720 C for about 20 min then poured into a cold chamber die-cast machine. The actual chemical compositions of the alloys were determined by inductively coupled plasma mass spectrometry (ICPMS). The specimens were obtained from HDPC in the form of plate with 120 mm in length, 80 mm in width, and 2 mm in thickness. Flat specimens (gage dimensions 2 × 5 × 50 mm) for the creep tests were machined from the plate. Specimens for microstructure analysis were mounted and polished mechanically by standard metallographic procedure and then etched in a solution of 5 vol.% HNO 3 and 95 vol.% alcohol. The microstructure of the alloys was analyzed by optical microscopy (OM), scanning electron microscopy (SEM, Hitachi S-520) and transmission electron microscopy (TEM, JEM-2100F). Microchemistry of the studied alloys was carried out by energy dispersive spectroscope (EDS) and the phase identi cation was con rmed by X-ray diffraction (XRD). Creep tests were conducted in air, using lever-arm creep machine at 150 C and a constant load of 50 MPa. The creep curves of these alloys were obtained in the steady-state stage under the experimental conditions after 150 h or specimens fractured within 150 h.
Results

Effects of cerium content on microstructure
The chemical composition of the investigated alloys measured by ICPMS is given in Table 1 . The XRD patterns taken from the as-die cast alloys are shown in Fig. 1 . AM60B alloy mainly consists of Mg and intermetallic Mg 17 Al 12 , as seen in Fig. 1 (a) . The Mg 17 Al 12 phase is not detected as a result of Ce addition, as shown in Fig. 1 (b fraction intensity rises with the increase of Ce addition. Figure 2 shows the optical micrograph of the AM60B-xCe alloys. The microstructure of AM60B consists of α-Mg and coarse intermetallic phase Mg 17 Al 12 distributing at the grain boundary, forming network as shown in Fig. 2 (a) . The content of Mg 17 Al 12 phase reduces noticeably with the addition of Ce (Fig. 2 (b) ). The second phase builds up again and its distribution is dispersive with the increase of Ce addition (Fig. 2 (c) ). It could be inferred the second phase is intermetallic Al 11 Ce 3 from the XRD results. The new intermetallic phase grows up and forms coarse needle-like shape when Ce addition is increased to 1.5 wt.% (Fig. 2 (d) ). Figure 3 shows SEM morphologies of AM60B, AM60B-1Ce and AM60B-1.5Ce alloys. Three representative points in each alloy were selected for EDS analysis and the results are shown in Table 2 . It can be seen from Fig. 3(a) that more than two kinds of phase existing in AM60B alloy. The EDS analysis results indicate that the P1, P2 and P3 should be α-Mg matrix, β-Mg 17 Al 12 and Al-Mn intermetallic compounds respectively. The microstructure changes noticeably when 1 wt.% Ce is added to AM60B alloy (Fig. 3b) . New intermetallic phase whose shape is like short needle (P5) appears. According to the molar ratio of Al to Ce (n(Al)/n(Ce) = 39.65/12.83 = 3.09) together with XRD result, the phase of P5 is inferred as γ-Al 11 Ce 3 . When Ce amount increases to 1.5 wt.%, the amount of γ-Al 11 Ce 3 phase increases and coarsens (P9 in Fig. 3(c) ). From Fig. 3 and Table 2 , Ce addition decreases the fraction of β-Mg 17 Al 12 phase gradually and then facilitates to form γ-Al 11 Ce 3 phase. The sphere-like AlMn intermetallic compounds existing in AM60B hardly changes with the addition of Ce (P3, P6 and P8). Figure 4 shows the tensile properties of the studied alloys tested at room temperature and 150 C. It can be seen that the addition of Ce to the AM60B has a bene cial in uence on the tensile strength both at room temperature and 150 C. The elongation is also enhanced when the Ce addition is below 1 wt.%, but it deteriorates when Ce addition reaches to 1.5 wt.%.
Tensile properties
Creep behavior
Figure 5(a) shows typical creep strains vs. time curves obtained from the constant-load and constant-temperature test (150 C/50 MPa) of the AM60B-xCe alloys. The steady creep rates of the alloys are shown in Fig. 5(b) . It can be seen the creep strain and the rate of AM60B alloy decrease with the increase of Ce content. Creep curve of AM60B alloy presents a very short secondary creep stage. Creep life of AM60B alloy was only about 80 h, and creep rate is as high as 1.56 × 10
. With the addition of 0.5 wt.% Ce, the creep rate reduces to 1.08 × 10 , and which is more than half order of magnitude lower than that of the base alloy (AM60B).
Discussion
The main strengthening phase in AM60B alloy is β-Mg 17 Al 12 , which has a low melting point (with eutectic temperature of 437 C) and a poor thermal stability. The β-Mg 17 Al 12 phase will readily soften and coarsen when the temperature exceeds 125 C. 9, 10) With a little addition of Ce, the grains of α-Mg matrix are re ned and intermetallic phase Al 11 Ce 3 phase has a high melting point (>1200 C), 13) and then the softening temperature of the alloy containing Al 11 Ce 3 phase can be increased. With the increase of Ce content in the alloys, the amount of Al 11 Ce 3 phase increases accordingly. Thermally stable Al 11 Ce 3 phase is located at grain boundaries and suppresses the slippage of the grain boundary at elevated temperature, so the tensile properties at elevated temperature are also improved. During tensile loading, in the existing of needle-like Al 11 Ce 3 , high localized stress develops at the interface which leads to the possibility of early cracking. That s the reason why the ductility is poor when more Ce is added.
The microstructure of AM60B alloy is found to be unstable due to the presence of eutectic α-Mg solid solution at the grain boundary area, which is supersaturated with aluminum. According to Regev et al., 9) aluminum in the solid solution provides solid solution strengthening against moving dislocations in the initial stage of creep and then Al precipitates out from the solid solution of magnesium matrix and blocks the dislocation motion, leading to strain hardening. But the diffusivity of aluminum in magnesium matrix and the self-diffusion of magnesium are high at elevated temperature. Intermetallic phase Mg 17 Al 12 easy precipitates and coarsens during the creep process. As a result, the precipitated Mg 17 Al 12 lose their ability to pin both dislocations and grain boundaries. At the later stage of creep, Mg 17 Al 12 intermetallic phase leads to easy formation of cavity, resulting in fast creep. Cavity is generally observed precursor to creep fracture, as shown in Fig 6 . Most of these cavities form as a consequence of stress concentration at locations such as interface between soft matrix and hard intermetallic phase or grain boundary of triple point junctions. 14) These cavities or crack also indirectly contribute to the softening process during creep. 9) With Ce addition, the increase of creep resistance is commonly thought to be resulted from the formation of thermal stable Al 11 Ce 3 intermetallic phase. In general, the thermal stabilities of the intermetallic phases are directly proportional to their melting points, higher the melting point the higher the thermal stability.
15) The Al 11 Ce 3 phase can signi cantly decrease the creep deformation through effective restriction to grain boundary sliding. 16, 17) When Ce content is in a low level (below 1 wt.% in this study), there still exists some residual Al atoms in liquid phase which is not reacted completely with Ce element. With non-equilibrium solidi cation in die cast process, the Al concentration at the solid-liquid interface gradually increases and Al atoms subsequently segregate in the grain boundary or inter-dendritic regions. 18) The creep tests at elevated temperature may lead to the precipitation of Mg 17 Al 12 from these regions. When Ce content is higher than 1 wt.%, most of the Al atoms are consumed by Ce to form the Al 11 Ce 3 phase which becomes predominant intermetallic phase and the Mg 17 Al 12 precipitation are disappeared under the present experimental conditions. The creep resistance of these alloys, thus, is mainly dependent upon the amount and morphological feature of Al 11 Ce 3 phase. It is shown in Fig. 7 that Al 11 Ce 3 phase provides obstacles to dislocation movement at grain boundaries. Presence of stable, coherent intermetallic Al 11 Ce 3 at grain boundary restricts the sliding of one grain over another, and reduces the formation of cavities at early stage.
Conclusions
The microstructure of AM60B alloy was re ned by the addition of Ce element, and the original intermetallic Mg 17 Al 12 was suppressed. New needle-like intermetallic Al 11 Ce 3 formed which is stable at high temperature. As a result, the tensile properties of AM60B alloy were enhanced both at room temperature and 150 C. But excessive Ce addition is detrimental to the elongation. The creep properties of AM60B alloy were improved noticeably by Ce addition. The creep life was prolonged and creep rate was cut down more than 60%.
